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SABSTRACT A program was undertaken by-the-Reszarch Directorate, Weapons
Laboratory USAWECOM, to investigate the feasibility of forming 7.62mm
rifled gun barrels from three high-temperature alloys and a stainless
steel by swaging. The high-temperature superalloys selected for evalu-
ation were Inconel 718, Udimet 700, and Crucible CG-27, whereas the
stainless steel was Armco 21-6-9. Gun barrel blanks of each alloy were
prepared by gun drilling. Twenty-two rifled 7.62mm gun barrel blanks of
the four selected materials were formed by swaging without any insolvablE
problems. Evaluation of the as-swaged blanks revealed that high quality
gun barrels can be formed from each of these alloys. Further analyses,
conducted on short samples of the swaged barrel bianks, showed that the
age-hardenable alloys can be heat treated without destroying the bore
configuration. As-swaged barrel blanks of Inconel 718 and Udimet 700 were
heat treated and 7.62mm M60 barrels were fabricated from these blanks.
These completed barrels and the nonheat-treatable Armco 21-6-9 were test
fired, metallurgically analyzed, and their performance characteriscics
were documented. The performance characteristics of Crucible CG-27, as
a rapid-fire small caliber gun barrel, will be presented in a separate
technical report. (U) (Drennen, D.C.,, Jackson, C.M., Miclot, R.B., and
Iyer, K. R.)
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ABSTRACT

A program was undertaken by the Research Directorate,
Weapons Laboratory USAWECOM, to investigate the feasi-
bility of forming 7.62mm rifled oun barrels from three high-
temperature alloys and a stainless steel by swaging. The
high-temperature superalloys selected for eva.uation were
Inconel 718, Udimet 700, and Crucible CG-27, whereas the
stainless steel was Armco 21-6-9.

Gun barrel blanks of each alloy were prepared by gun
drilling. Twenty-two rifled 7.62mm gun barrel blanks of
the four selected materials were formed by swaging without
any insolvable p'oblems. Evaluation of the as-swaged blanks
reveaied that hijh quality gun barrels can be formed from
each of these alloys. Further analyses, conducted on short
samples of the swaged barrel blanks, showed that the age-
hardenable alloys can be heat treated without destroying
the bore configuration.

As-swaged barrel blanks of Inconel 718 and Udimet 700
were heat treated and 7.62mm M60 barrels were fabricated
from these blanks. These completed barrels and the nonheat-
treatable Armco 21-6-9 were test fired, metallurgically
analyzed, and their perfcrmance characteristics were docu-
mented. The performance characteristics of Crucible CG-27,
as a rapid-fire small caliber gun barrel, will be presented
in a separate technical report.
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FOREWORD

The swaging studies and swaging of blanks made of
superalloys for this program were performed by Battelle
Memorial Institute, Columbus, Ohio, under Contract DAAF03-
70-C-0005. The contract supervisor was R. B. Miclot. The
test firings of the rotary-swaged barrels and the test-firing
analysis were conducted by R. B. Miclot and Dr. K. R. Iyer
of the Research Directorate, Weapons Laboratory USAWECOM.
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INTRODUCTION

Currently, U.S. small-arms gun barrels are produced
from Cr-Mo-I low alloy steels with nominally 0 48 per ce,,t
carbon, heat treated to a hardness of Rockwell C 32-34 The
bore is chromium plated, and may contain a liner of Stellite
21 in the breech end

The Researci Directorate of the Weapons Laboratory
USAWECOM is concerned with the imorovement of the perform
mance of small-arms gun barrel materials Therefore, a
program was undertaken with the Columbus Laboratories of
Battelle Memorial Institute to study procedures suitable
for manufacturing gun barrels from high-strength materials.
Specifically, the objective of this program is to investi-
gate the feasibility of forming rifled gun barrels from the
following three high-temperature alloys and a stainless steel
by swaging techniques:

Alloy Alloy Base

Inconel Alloy 718 Nickel
Udimet Alloy U 700 Nickel
Crucible Alloy CG-27 Ircn
Armco Alloy 21-6-9 Iron

The barrel to be formed is a 7 62mm gun barrel and the in-
terior configuration is shown in Figure 1

The typical short-time, high-tempeeature y'eld strengths
of the alloys selected for evaluation as gun barrel materials
are shown in Figure 2 The principal object'on to using ma-
terials such as these for gun barrels, aside from the in-
herently higher cost than that of alloy steel, "s that their
machinability and formabil'ty are relatively low. Conse,-
quently, the applicability of the rotary swage to the rifling
of gun barrel bores to offset cost disadvantages was inves-
ti gated

LITERATURE SEARCH AND FIELD SURVE;

The technical literature concerning the internal swaging
of gun barrels was examined A very limited amount of in-
formation was found on (1) the design of, and materials for,
dies and mandrels, (2) the starting blank configueat,cn, (3)
reductions in area required, (4) feeding methods for the
workpiece, arid (5) lubricants used during the forming oper-
ation.

I .. •" m mm mmmmmm m m m m m m m mmm m mm mmn



--0.167+ 0.010"--

(4 Places)
After MachiningA.

Groove

0.3080 dia. + 0.0015After Machining

,4 Land
0.3000 dia. + 0.0015

After Machining

0.002 R max. (Typ.) Scale: I0/1
After Machining

Constant Twist RiflingI R.H. turnin 10 inches
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The five companies listed below were consulted to
learn more about the experience they have had in the swaging
of gun barrels:

Cincinnati Milling Machine Company

Champion Tool and Die Company

Fellows Gear Shaper Company

Atrax Division of Wallace-Murray Corporation

Fenn Manufacturing Company

Champion Tool and Die Company, and Fellows Gear Shaper
Company have had a great deal of experience in the produc-
tion of gun barrels by swaging. Fellows uses a Multiflow
machine, which they designed and manufacture. Champion
uses an Intraform machine, which was designed and is manu-
factured by the Cincinnati Milling Machine Company.

The Atrax Division is a supplier of high-quality tung-
sten carbide rifling mandrels used in the swaging of gun
barrels. Furthermore, they are the only known company, ac-
cording to Champion and Fellows, that has the capability to
machine the required precise rifling grooves in the carbide
mandrels.

Fenn Manufacturing Company is a manufacturer of two-
and four-die rotary swagers. They have not don- any gun
barrel swaging, but have had some experience with swaging
of tubes with various internal configurations.

From the discussions with the appropriate personnel at
the aforementioned companies, the conclusions were that
(1) a two-die swager will not yield the required accuracy
for cold swaging gun barrels, (2) a four-die swager with a
very large capacity is required for gun barrel swaging,
(3) full-length rifling mandrels cannot be used in the 3wag-
ing of gun barrels because they will shear during the elon-
gation of the workpiece, (4) snort tungsten cirbide mandrels
must be used to swage the ID contour of gun barrels, and
(5) neither the Cincinnati Intraform nor the Fellows Multi-
flow machine is capable of hot swaging.

4



EXPERIMENTAL WORK

Materials

The certified chemical compositions of the alloys
selected for this investigation are given in Table I. The
alloys were procured in the form of annealed, centerless
ground rods. All materials except Crucible CG-27 were re-
ceived in the condition ordered, which is given in Table II.
After the Gun bariel blanks of CG-27 had been prepared,
hardness measurements indicated that the alloy was supplied
in the aged condition rather than in the solution-annealed
condition. Therefore, the gun barrel blanks of CG-27 were
annealed since this alloy would be expected to exhibit
better cold-forming behavior in the annealed condition. The
heat treatment of the CG-27 blanks is discussed later.

With the exception of Inconel 718, the rods of each
alloy were 1.600 inches in diameter. Inconel 718 was ordered
and received as l.OO-inch-diameter rods because this size
was available from stock. In addition, 1.015-inch-diameter
Inconel 718 rod was purchased for use in the p-eliminary
cold swaging trials discussed in the following section.

Preliminary Cold-Swaging Ttials

The Columbus Laboratories of Battelle has a 2-die
rotary swager, made by Fenn Manufacturing Company, which was
designed to handle rods up to a diameter of 3/4 inch. How-
ever, the Laboratories were informed by Fenn that the swiger
might well be capable of reducing the nominal 1.5 inch OD X
0.330-inch ID tubes required for the gun barrel blanks.

To determine the capabilities of the swager, a 1.015-
inch-diameter round bar of Inconel 718 in the solution
annealed condition (1950°F - 1 hour - air cooled) was cold
swaged to approximately 20 per cent reduction in area in
one pass. The rod was held manually. During the swaging
operatior, the swager nearly stalled. In addition, the
Inconel /18 rod became siightly bent because of manual swag-
ing.

On the basis of the results of the preliminary cold
swaging trials, conclusions were that (1) the Fenn swager
does not have enough capacity to form gun barrels from 1.5-
inch-diameter tubes and (2) an elaborate special fixture
wouid be required to hold th, workpiece during the swaging
operation to maintain straightness.

5



4 U� 0
C'4

�Q 0 0
* a

o 0

-� cc o� 0
Ci� r.4 r-

4 
r-I

. . I

000
v-� r-
u, Or- N
0�0*0*0*

0000

cc c�o
�

o�0

0r4
0r-4 * I

� 0 '4r.4
0 a' � U,

0 a'0 *v*IN.4 *
H ��E-4 0 C9� C'J

.9-4
H Cl)
C�) 0 Cu
0

fl� 0 -l
*11 a'0 -�

'A 0

U occ
*.-40 0 cc �H * 1

g�C:

0 c'J
cc

H 0
H 0
E-4 a' u

*�o Cu-.t
(N *

Z � Cu N

H I
0

s.d 90 NO u�e'�
,-4 (N v-d

0 0
� U LA U

0 '-4 �c'J �
rzd * Cu * Cu

a' -40 �4
-4 Cu 0 Cu

N
Cl

a' 0'
cci
N I �

-4� >�
- 0

0 C�
C-*d �

-4 x
-4<9-4 .� Cu
0 0 �
� 0 0 *,-1
00 � U
U � *.4 �
� $4 C� s.� Cu .�
H < �$ 0

6



TABLE II SPECIFIED BEAT TREATMENT OF ALLOYS FOR
COLD-SWAGING TRIALS

Alloy Specified Heat Treatment

Inconel Alloy 718 1950 F - I hour - air cool

Armco Alloy 21-69 1950 to 2050 F 1 hour - rapid air
cool

Udimet Alloy U 700 1925 F - 1 hour - air cool
"Crucible Alloy CG-27 1875 to 1900 F 1 1 hour - oil quench

Ak
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Preparation of Gun Barrel Blanks

The rods of each alloy were cut and faced-off to a
length of 20 inches. Then the rods were gun drilled and
machined by Howard Dearborn, Inc., Berea, Ohio, into blanks
designed as shown in Figure 3 to yield full-length gun
barrels. The final OD of the Inconel 718 was slightly under
1.500 inches, since the starting diameter was only 1.500
inches. The major function of the machining operation was
to obtain concentricity of the outer diameter (OD) and the
inner diameter (ID) which is very critical in swaging gun
barrel blanks.

Heat Treatment of Crucible Alloy CG-27 Blanks

As mentioned previously, heat treatment of the
Crucible CG-27 gun barrel blanks was necessary since this
material was not supplied in the solution-annealed condition.

Prior to heat treating all CG-27 blanks, a brief
study was made to determine the effect of the heat-treating
time and cooling method on the hardness and straightness of
the alloy. Blank 41, a 3-3/4-inch-long piece of Blank 46,
and 1-inch-long pieces of the undrilled 1.600-inch-diameter
rod were annealed at 1900°F for 1 to 4 hours and air cooled
or oil quenched.

The hardness data given in Table III indicated
that, with air cooling, the optimum annealing time was be-
tween 2 and 3 hours. With oil quenching, the hardness
dropped to a much lower hardness level.

In another experiment, a gun barrel blank, No. 41,
was annealed in an argon atmosphere at 1900"F for 1 hour
and air cooled. The strai ghtness of this blank was off by
a total indicator reading (T.I.R.) of only 0.002 inch.

Since the straightness of Blank 41 was very good,
the remaining blanks of Crucible CG..27 were heat treated by
use of air cooling rather than oil quenching, even though
the teiminal hardness was 15 Rockwell C points higher for
air-cooled material. However, the higher h"rdness level
was not expected to impair the swageability of the alloy,
while the possibility of warpage occurring is reduced by
air cooling rather than oil quenching.

8
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Thus, full-size Blanks 41, 42, 43, 44, and 45,
and 2-1/2- and 9-inch lengths of Blank 46 were annealed in
an argpn atmosphere at 1900OF for 2-1/2 hours (Blank 41
had a total of 3-1/2 hours at 1900 0 F) and air cooled. The
straig'•tness of the full-lengti, blanks varied from 0.003
to 0.C07 inch T.i.R. The measurements for each blank were
as f¶,llows:

Blank Straightness (In.) - T.I.R.

41 0.007
42 0.004
43 0.006
44 0.003
45 0.0034

After the heat treatment, the Crucible CG-27 blanks were
vapor blasted on the ID and OD to remove a slight oxide
film and then cleaned thoroughly with water and acetone.

Evaluation of Gun Barrel Blanks

Machinability

The machinability rating cf the alloys, bised on
facing off the ends, machining the OD, and gun drilling are
as follows:

Ratinj Alloy

1 Armco 21-6-9 (easiest to machine)
2 Udimet 700
3 Crucible CG-27
4 Inconel 718 (most difficult to machine)

Armco 21-6-9 was much easier to machine than any of the other
alloys. On the other hand, a large difference did not occur
in the machinability among Udimet 700, Crucible CG-27, and
Inconel 718.

Surface Finish

Surface roughness measurements were made on the
ID and OD of the gun barrel blanks of each alloy. A blank
was sectioned for longitudinal measurement of the roughness
along the surface of the ID and for metallographic studies.
The surface finish was determined by centerline average (CLA)
which has replaced the RMS method.

I •1 I I II 1 l 1 ~ lll l l l IIICe .



The follow!ng data show that a good surface was
obtained on the ID by gun drilling The OD surface was
also quite smooth

Surface Finish, Microinch

Alloy Sample ID OD

Inconel 718 163B 52 70
Armco 21-6-9 263B 17 56
Udimet 700 363B 32 142
Crucible CG-27 463B 26 125

Metallographic Studies

A gun barrel blank of each alloy was cut into
transverse and longitudinal sections and prepared for
metallograph'c examination. Photomicrographs of the trans-
verse sections at the ID of the a 1loys are p'esented in
Figure 4.

Metallographic examination of Inconel 718 re-
vealed the typical microstructure for this alloy in the
solution-annealed condition (1950 F - 1 tiour - air cool).
The alloy zonsists of a generally fine-g-ained austenitic
matrix containing a moderate amount of rnt-agranular pre-
cipitates, presumed to be complex carbldeý and carboni-
trides In the longitudinal sample, the precipitates ten-
ded to be aligned in stringers eunning parallel to the long
axis of the blank.

The microstructure of Armco 21-6-9 consists of a
fine-grained austenitic matrix containing a small quantity
of gray nonmetallic inclusions, presumed to be manganese
sulfide These inclusions tended to be aligned with the
long axis of the b l ank ,n the 'ongitudina! sample.

The microstructure of Udimet 700 consists of a
very fine-grained, mottled austenitic matrix with a large
quantity of inter- and intragranular precipitates, presumed
to be complex carbides and carbonitrides The precipitates
are aligned in bands in the longitudinal direction The
pronounced banding indicates a lack of homogeneity in the
alloy

Examination of Crucible CG-27 revealed a very

fine-grained, austenitic matrix containing generally small
spherical inter- and intragranular precipitates, but with

12
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a few large precipitates that appear to be titanium carbcni-
trides. A tendency exists for the small precipitates to
be located intragranularly near the ID and OD, but inter-
granularly at the interior of the wall of the bldnk. The
grain boundary precipitates are discontinuous. A slight

lengitudinal alignment of the precipitates occurs in the
longitudinal sample.

Hardness Studies

Vickers hardness measurements were taken on the
transverse metallographic samples of the gun barrel blanks
of the alloys. Five hardness measurements were made along
four radial traverses on each alloy. The radial traverses
were approximately 45 degrees apart with impressions about
100 mils (0.1 inch) from each other.

The hardness data are presepted in Table IV. These
data indicate that the hardness of Inconel 718 is somewhat
-h,gher than expected, while the hardness of Armco 21-6-9
and Udimet 700 is just about the typical value for these
alloys. The hardness of CG-27 is close to the anticipated
value, based on the data obtained and presented in an earlier
section of this report concerning the preparation of the gun
barrel blanks. However, the hardness is about 19 Rockwell C
points higher than that of material that is oil quenched
rather than air cooled after solution annealing.

The data show that the hardnesses of Armco 21-6-9
and Udimet 700 are lowest near the ID and become increas-
ingly higher toward the OD. On the other hand, Inconel
718 is hardest near the ID end becomes increasingly softer
toward the OD. Crucible CG-27 shows a slight hardness
trend similar to that of Inconel 718,

Based on the hardnesses of the alloys, Armco
21-6-9 and Inconel 718 were expected to exhibit the best
formability during the swaging of the gun barrels. Crucible
CG-27 was expected to exhibit slightly poorer forming be-
havior than Inconel 718, while the formability of Udimet
700 was expected to be less than that of Crucible CG-27.

Cold Swaging of Gun Barrels

Fellows Gear Shaper Company in Springfield, Vermont,
was selected as.,the contractor for the swaging. Fellows
was chosen because this company has (1) swaging machines

15
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capable of producing gun barrels with rifling grooves,
(2) a great deal of experience with internal swaging of
contours including the rifling in gun barrels, (3) offered.
to furnish the required tooling including swaging Oies and
mandrels, and (4) offered to conduct the swaging trials at,
a •reasonable cost.

Equipment and Tooling

A photograph of the Fellows Multiflow machine
used for the experimental cold swaging of the 7.62mm rifled
gun barrels is shown in Figure 5. The Multiflow machine
was designed and built by Fellows. It is a stationary
4-die machine with a 500-ton load capacity. The machine has
automatic feeding and positioning mechanisms which position
the mandrel in the dles, rotate the blank counterclockwise
and feed the blank over the mandrel and through the swaging
dies. The mandrel is held in a predetermined axial posi'tion
in the dies, bUt' is-free to rotate. During the swaging oper-
ation, the dies and blank are flooded with a coolant called
Mentor 28.* The dies contact the blank at the rate of 1500
times per minute. A work receiver located on the exit side
of the die exerts back pressure on the gun barrel blank, as
it leaves the die, which helps maintain the straightness of
the blank during swaging. The work receiver is hollow so
that the coolant, Mentor 28, can be forced into the bore of
the gun barrel blank during swaging to cool the mandrel and
the blank. After the blank is formed, the dies automatically
open, the receiver pushes the blank back to its original
starting point, and the finished blank is lifted from the
machine cradle.

A drawing (Fellows Drawing D-4324-FA) of the dies
designed by Fellows Co. and used in the swaging of gun barrel
blanks is included as Figure 6. The dies were made from
SAE M2 nonresulphurized steel hardened to 59 to 61 Rockwell C
and bright stress-relieved after the profile section of the
dies was finished.

*A product of Esso International, Inc., New York, New York 10019
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A drawing (Fellows Drawing 65-05-1047-2) of the
rifling mandrel is shown in Figure 7. The mandrel was de-
signed by Fellows Co. to produce the specified bore for the
7.62mm gun barrels. Three mandrels were made for Fellows
by Atrax Division of Wallace-Murray Corporation who, ac-
cording to several sources including Fellows, is the only
company that has the capability of machining the rifling
in the mandrels. One mandrel was machined from General
Electric Carboloy, Grade 248, while the other two were ma-
chined from General Electric Carboloy, Grade 55B. Both
grades performed well.

The rifling mandrel was silver soldered to the
mandrel holder, which was described earlier.

Procedure

The following procedure was followed in swaging
the gun barrel blanks:

(1) The ID and OD of each gun barrel blank was cleaned
thoroughly with acetone and then swabbed with a
gun cleaning rod and dry cloth swabs.

(2) The ID of each blank was coated thoroughly by
swabbing and then pouring Houghton Cindol 624*
lubricant through the blank.

(3) The blank was placed on the cradle of the
Multiflow machine.

(4) The automatic sequencing was started in which the
blank was positioned, the mandrel was inserted
through the blank and positioned in the die, the
driver and the receiver engaged the blank, and
the blank was rotated and fed into the pulsating
swaging dies.

*A product of E. F. Houghton Company, Philadelphia, Pa. 19133
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(5) After the gun barrel blank was formed, the dies
automatically opened, the receiver blank pushed
the blank back to its original position, the

Smandrel was extracted and the blank returned to
the cradle of the machine.

(6) The gun barrel blank was removed from-the machine
and the trailing end (about 10 inches) of the
blank was immersed in a bucket of water. The
water served to cool the blank and to clean out
the lubricant.

(7) The ID of the barrel blank was cleaned with water-
soaked swabs on a gun cleaning rod.

(8) The ID of the barrel blank was dried with swabs
on gun-cleaning rods..

(9) The ID of the barrel blank was inspected by a
borescope.

Results and Discussion

Five gun barrel blanks each of Inconel 718, Armco
21-6-9, and Crucible CG-27 and seven gun barrels of Udimet
700 were formed by cold swaging blanks of each alloy. Data
taken during the cold swaging trials are given in Appendix A.
A typical gun barrel blank of each alloy is shown in Figure 8.
The length of the swaged blanks ranged from about 25-1/8 to
27-9/16 inches; the OD ranged from 1.260 to 1.330 inches,

* dependent upon the die closing setting (wedge position dial
numbers in Table A-1).

No severe problems were encountered during the

swaging of the blanks except with Crucible CG-27. Pickup
of material on the mandrel occurred during the first three
swaging trials with this alloy. Changing the following
variables of the swaging process eliminated pickup on the
mandrel:

(1) Feeding rate of the blank was decreased from
20 to 12 inches per minute.

(2) Rotational speed of the blank was decreased
from 130 to 105 rpm.

(3) Thickness of the shims behind each of one pair
of dies was increased from 0.004 to 0.008 inch.

I
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Evaluatica of Swaged Slanks

andestructive Testing

The bare of each gun barrel blank was exanined
twice with a borescope A cursory borescopic examination
was made at Fellows Co iomediately after each gun barrel
blank was forned A detailed examination _f the bore of
each blank was made later With the exception oi the first
three swaged gui barrel blanks (Es- 41, 42, and 4-3) of
Crucible CG-27, the exaninations indicated that the rifling
detail was good and the surface was sarcoth and free of
cracks However, several of the blanks (Eos. 11, 14, 21_
and 33) contained sma1l defects that appeared to be an in-
herent defect in the Eaterial, -ather than one caused by
swaging. Pickvp of iaterial on the mandrel caused longi-
tudinal scuffing along the lands of the Crucible CG-27
blanks (Nos 41, 42, and 43) Thus, these three CG-27
blanks (Eos 44 and 45) have good bore surfaces

Surface rcighness ceasurecents were taken on the
iD of one as-swaged gun barrel blank of each alloy- A
longitudinai section of the blank was used, and the finish
along a longitudinal traverse was deterrined by the CLA
nethod used earlier to deterpine tee finish of the gun
barrel blanks

The surface 'inish data for the ID of the cold-
swaged gun barrel bianks, and for the ID of the gun drilled
blanks, are presented 3n Table V_ These data show that the
surface finish of the ID of the swaged blanks is ouch better
than that of the gun drilled blanks. Furthermore, the sur-
face finish of the ID is better than that (25 oicroinches)
specified for 7 62cn gun barrels in Rock Island Arsenal
Drawing 1l70i204,dated April 14, 1965.

inspection of the OD of the swaged blanks by use
of dye penetrant indicated that all were free of cracks.
Diameter measurements showed that maximum out-of-roundness
was 0.001 inch.

Straightness measurements revealed that, in
general, the straightness of the blanks was off from 0.003
to 0.009 inch T I R However, two Inconel 718 blanks had
0.013 inch T.1 R , while another Inconel 718 blank had 0.026
inch T I R Genera ly, the barrel blank with the largest
deviation was sectioned for metallographic examination and
hardness determination, although the quality of the bore
was also a determining factor.
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A tabulation of the diameter and straightness
measurements is presented in Appendix B.

On the basis of the borescopic examination of
the bore and che straightness measurements, a quality rating
was assigned to each barrel blank. The ratings, given in
Table VI, were made by a comparison of the blanks of the
same alloy, rather than by a comparison of all blanks with
each cther.

Metallographic Examination of As-Swaged Samples
of Gun Barrel Blanks

Longitudinal and transverse sections of one or
more blanks of each alloy we!,e removed and prepared for
metallographic examination and hardness determinations.

Photomicrographs of transverse and longitudinal
sections of a gun barrel blank sample of each alloy at the
bore surface are shown in Figures 9 through 12. These
photomicrographs show that the surfaces of the as-swaged
samples of each alloy are very smooth. Also, the sharp
detail of the 1-ands for each of the samples can be seen.

The gun barrel blank sample of Udimet 700 con-
tained occasional microtears along the bore surface at areas
where precipitates intersected the bore surface. These
microtears run about 1-mil deep and can be seen in Figure 11.

The microstructures of the as-swaged samples of
all four alloys were similar to those observed in the samples
of the gun drilled blanks, although slight differences oc-
curred that had been produced by cold swaging. For example,
the Inconel 718 and the Udimet 700 samples tended to have
a shallow (ifrom 0.5 to 1,5 mils deep) cold-worked layer along
the bore. The Inconel 718 sample (Figure 9) contained coring
'lines throughout the longitudinal section. These coring
lines indicate the existence of slight inhomogeneity in the
chemical composition of the alloy. Armco 21-6-9 (Figure 10)
also contained the coring lines as well as pronounced me-
chanical twins wi-thin the grains.

The grains in the transverse samples of each alloy
are equiaxed and do not appear to be deformed, On the other
hand, the grains io the longitudinal samples of Inconel 718,
Armco 21-6-9, and Crucible CG-27 are elongated in a direction
parallel to the axis of the blank. The longitudinal sample
(Figure 11) of Udimet 700, however, does not show any appre-
ciable evidence of cold work caused by swaging.
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TABLE VI QUALITY RATING OF EXPERIMENTAL 7.62-rmn GUN BARRELS

Gun Qu y (a)
Barrel Alloy Rating
Blank

Il Inconel 718 4
12 Inconel 718 5
13 Inconel 718 2
14 Inconel 718 3
15 Inconel 718 I

21 Armco 21-6-9 1
22 Armco 21-6-9 5
23 Armco 21-6-9 3
24 Armco 21-6-9 4
25 Armco 21-6-9 2

31 Udimet 700 3
32 Udimet 700 5
33 Udimet 700 6

34 Udimet 700 2
35 Udimet 700 4
37 Udimet 700 7
38 Udimet 700 1

41 Crucible CG-27 5
42 Crucible CG-27 3

43 Crucible CG-27 4
44 Crucible CG-27 1
45 Crucible CG-27 2

(a) A rating of "I" indicates, for a particular alloy, the barrel with
the highest quality.
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Metallographic Examination of Heat-Treated
Samples of Gun Barrel Blanks

Three of the four selected gun barrel materials,
Inconel 718, Udimet 700, and Crucible CG-27, are age-hard-
enable. Thus, they are normally annealed and aged to develop
maximum strength before being placed in service. The usual
heat treatments for the three alloys are given in Table VII.
Armco 21-6-9 is not hardenable by heat treatment; however,
it is hardenable by working such as cold swaging.

TABLE VII HEAT TREATMENTS FOR AGE-HARDENABLE, SELECTED
GUN BARREL MATERIALS

Udimet 700

Solution annealing: 2150°F/4 hr/AC
High-temperature aging:. 1975°F/4 hr/AC
Intermediate aging: 1550°F/25 hr/AC
Final aging: 1440'F/16 hr/AC

Inconel 718

Anneal: 1800°F/l hr/AC
Age: Hold 8 hr at 1325 0 F, furnace cool to

1150'F at the rate of l00oF/hr, hold at
1150OF for 8 hr and air cool.

Crucible CG-27

Solution annealing: 1875 to 1900OF for 1/2 hr/OQ
Intermediate aging: 1450°F/16 hr/AC
Final aging: 1200 0 F/16 hr/AC

I

Transverse samples of the gun barrel blanks in the
as-swaged condition were heat treated according to the treat-
ments given in Table VII. These samples were used for
metallographic and hardness studies. The only deviation was
that the annealing time used for Inconel 718 was 1-1/2 hours
rather than 1 hour.

32
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Because of the concern regarding the effect of
high-temperature annealing on straightness and on bore
dimensions of gun barrels, additional transverse samplesof age-hardenable alloys were given the aging heat treat-ment without annealing.

ws u For all heat treatments, the following procedureS~was used:

(1) Each sample was degreased thoroughly with C.P.
acetone.

(2) Each sample was sealed in a clean vycor tube

after evacuating to about lO-5 torr, flushing
several times with high-purity argon and then
backfilling to about 1/2 atmosphere with the
argon.

(3) The sample was annealed and aged or aged only
according to the schedule in Table VII, except
as previouslynoted for the Inconel 718 speci-
men. In the solution annealing of Crucible
CG-27, the vycor tube was broken intentionally
during the oil quench. The aging treatment
for this sample was conducted in air.

The heat treatments of the various gun barrel blank samples
are given in Table VIII.

Microstructures of transverse sections of the
heat-treated samples of the swaged blanks are illustrated

in Figures 13 through 15. The metallic layer along the
core surface is a plating of nickel which was used to pre-
vent rounding of the edges of the samples during prepara-
tion for metallographic examination.

Heat treatment of Inconel 718 resulted in a
slight coarsaning of the grains and the formation of a dis-
continuous grain-boundary phase or phases (believed to be
a carbide or carbides) along with somE intragranular pre-
cipitation (compare Figures 9 and 13). Examination of the
sample revealed no cracking.

Heat treatment of Udimet 700 produced considerably
larger grains than were present in the as-swaged sample.
The heat-treated sample contains much fewer intergranular
and intragranular precipitates (presumably carbides) than
did the as-swaged sample, as can be seen by comparison of
Figures 11 and 14. Several microtears where precipitates
intersected the surface were observed, as noted earlier
for the as-swaged samples.

tI
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TABLE VIII HEAT TREATMENTS USED FOR TRANSVERSE SAMPLES
OF GUN BARREL BLANKS

Sample Alloy Heat Treatment(a)

126 Inconel 718 Solution anhealed and aged

12 6 B(b) Inconel 718 Aged

376 Udimet 700 Solution annealed and aged

376 B(b) Udimet 700 Aged

452 Crucible CG-27 Solution annealed and aged

4 2 2 (b) Crucible CG-27 Aged

(a) Refer to Table VII for details of the heat treatments,

except that the Inconel 718 specimen was solution-
annealed for 1-1/2 hours rather than 1 hour.

(b) These samples were sent to the U. S. Army Weapons Command

at Rock Island for evaluation.
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200X 20 Glycerine-20 HCI-10 HNO3  8E886

Transverse Sample No. 376

Heat Treatment: 2150 F-4 hours-air cool

1975 F-4 hours-air cool
1550 F-25 hours-air cool
1440 F-16 hours-air cool

ti

FIGURE 14 Heat-Treated Udimet 700
Gun Barrel Sample
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2GOX 20 Glycerine-20 HC1-10 HN03  8E884
Transverse Sample No. 452

Heat Treatment:- 1875 F-1-1/2 hours-oil quench
1450 F-16 hours-air coj!
1200 F-16 hours-air cool

* I

- I-

FIGURE 15 Heat-Treated Crucible CG-27
Gun Barrel Sampi e
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&Heat treat.=ent of Crucible CG-27 caused a
slight reFinemn~t of tfe grain s;tructare. Most snall intra-
granular precipitates present in the as-swaged sample
(Figure 12) were apparenty dissolved by the beat treatnt
(Figure 15). Heat treatn~ast had ca appreciable effect on
grain-boundzry precipitate which revained discontinuous.
Ho evidence of cracking was observed in the heMt-treated
sanple of Crucible CG-27.

Photoercr3grapbs of the beat-treated samples
of Inconel 718, Udiset 700, and Crucible CS-27 are shown in
Figures 16, 17, and 18, respectively. A photeracrograpb of
the as-swaged sanple of Ara-o 21-6-9 which was not beat
treated is ircluded as Figure 19. These photonacrographs
show the contour of the bore discussed in the next section.

Bore Dimensions

The bore of the sane metal.ographic sanpie
(a transverse section) of each alloy was neasured in the
as-swaged condition and after heat treatment. A Tukon
hardness kester with a stage and filar eyepiece was used
for deteriniMng the bore di-eýsions 0o the nearest 0.050i

cg. These ceasuracents were converted to inches.

The data in Table iX show that tfie bore di-
censions of the gun barrel blank samples before and after
heat treatnent are within (or no core than 0 0003 inch over)
those allowable by Rock Island Arsenal Drawing 11701204,
which specifies 0.300 + O.0W'5 incb azd 0 308 P 0;0015 inch
for the diaceters between the lands and grooves, respectively.
The heat treatnent caused ,he bore dicensions of the alloys
to decrease fioe 0 0007 to 0-0016 inch

The r3undness of all the as-swaged bla- -
was very good, as may be seen frou the data in Table MX-
Heat treatment improved the roundness of Udimet 700, while
it decreased very slightly the roundness of Inconel 718 and
Crucible CG-27

Apparently, gun barrel blanks of the age-
hardenable alloys can be heat treated without destroying-the
bore dimensions.
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5X 20 Glycerine-20 HCL-1O HNO 3  8E925

Heat Treat-went: 1800 F-1-1/2 hour'-air cool
1325 F-8 hours-furnace cool to 1150 F
1150 F-8 hours-air cool

FIGURE 16 Transverse Section of Heat-Treated
Inconel 718 Gun Barrel Sample 126
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5X 20 Glycerine-20 HCI-10 HNO3  8E927

leat Treatment: 2150 F-4 hours-air cool
1975 F-4 hours-air cool
1550 F-25 hours-air cool
1440 F-16 hours-air cool

FIGURE 17 Transverse Section of Heat-Treated

Udimet 700 Gun Barrel Sample 376
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3X 20 Glycerine-20 HCI-10 HNO3  8E928

Heat Treatment: 1875 F-I-1/2 hours-oil quench
I450 F-16 hours-air cool
1200 F-16 hours-air cool

FFIGURE 18 Transverse Section of Heat-Treated
Crucible CG-27 Gun Barrel Sample 452
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5X 40 HCI-1O HNO 3  8E926

FIGURE 19 Transverse Section of As-Swaged
Armco 21-6-9 Gun Barrel Sample 226
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Hardness Studies

Hardness determinations were made on the same
transverse metallographic samples before and after heat treat-
ment to eliminate any possible differences caused by use of
different samples. Five Vickers hardness measurements were
taken on the as-swaged samples along each of four radial
traverses which were about 45 degrees apart. The hardness
impressions were about 100 mils apart.

To determine hardness differences across much
smaller distances required Knoop microhardness measurements
of the samples in the as-swaged condition and after heat
treatment. These hardness surveys were conducted along two
radial traverses: one was started at a land and the other
was started' at a groove. In addition, circumferential tra-
verses were made along a groove and a land approximately
1 mil from the surface of the bore.

Hardness data for the gun barrel samples
before and after heat treatment are presented in Tables X
and XI, and in Figures 20 through 23. A log scale was used
for plotting the distance in the figures to show the com-
plete traverse, while the first six readings close to the
bore were clearly depicting.

The Vickers hardness data in Table X show
that the hardnesses of all gun barrel blank samples were
very high. A comparison of the data in Table IV on the gun
barrel blanks with the data in Table X for the as-swaged
samples shows that swaging increased the average hardness
72 VHN points for Inconel 718, 97 points for Armco 21-6-9,
124 points for Udimet 700, and 106 points for Crucible CG-27.
Furthermore, the data indicate that the hardnesses of all
alloys tend to be lower near the bore and to become progres-
sively higher toward the OD.

Knoop hardness data in Table XI and in Figures

20 through 23 show that the average hardnesses of the as-swaged
blank samples were very high. The hardnesses were as follows:

Average Knoop Microhardness,
Alloy 100 g. Load

Inconel 718 498

Armco 21-6-9 378

Udimet 700 629

Crucible CG-27 554
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--- TABLE XI StaYLRY OF !N00?-P H•L•RM0R1•SS DATA OR M &MEZL S.0,1ES

IN THE AS-SWAGED CODITIORI AND AFIXER MAT MFEA NT

KnooD Hicrohardness, 100e Load
Sample Land Traverse Groove Traverse Overall

Alloy Number Ranee Average Range Average Range Average

As Swaged

Incone]J 718 126 446-596 508 392-563 484 392-598 498

SArmco 21-6-9 226 317-470 388 336-425 367 317-470 378

Udimet 700 376 586-675 630 597-675 624 586-688 629

Crucible CG-27 452 470-597 '544 477-620 563 440-620 554

SHe.-: Treated

Inconel 718 126 .63-554 501 469-533 492 462-565 496

Armco 21-6-9 226 - - - - -.

Udimet 700 376 400-470 450 392-478 428 380-478 438

Crucible CG-27 452 425-495 461 404-514 467 374-514 464
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Furthermore, data show that the average ftoop inicrob3rd-
ness ef Incone] 718, Vdimet 703, acd Crucible CG-27 de-
creased rather than increased after beat treatnient. Vdiffat
700 decreased 191 points, while that of Crucible CC-27
decreased 90 points.

The hardness curves for Inconel 718 and for
Udinet 700 shown in Figures 20 and 22 iedicate that no
significant trend occurred in hardness across land and
groove traverses of the samples in the as-swaged condition
and after heat treatment.

The curve in Figure 23 for Crucible CG-27
indicates ehat the Lardness of the sample in the as-swased
and in the heat-treated condition is lowest near the bore
and becomes progressively higher toward the 00.

The curve in Figure 21 for Araco 21-6-9 in-
dicates that the hardness of the as-svaged sample is highest
near the bore and becomes progressively lower toward the 00.

Fifteen high-quality experimental 7.52a gun
barrel blanks of the four alloys were selected for evalu-
ation. The gun barrels selected according to number, alloy,
and rated quality are identified in Table XII. As men-
tioned previously, the quality was based on straightness
and on borescopic examination.

Good rifling starts approximately 314 inch
fren the swaged end and approximately 1-1/4 inches from the
unswaged end of each gun barrel blank. However, these dis-
tances are approximate and must be measured on each blank.

Test Firing and Analysis of Rotary-Swaged Barrels

As part of a comprehensive program, 7.62cm gun
barrels were nade of Crucible CG-27 alloy by drilling ahd
cold swaging, and by pierce-extruding and cold swaging.
Barrels of both M60 and M134 configurations were test-fired
in the unplated and chrome-plated conditions. Barrels were
also made of fine-grained CG-27 produced by thermonechanical
treatment and by powder metallurgy techniques. The results
of this intensive investigation giving details of fabri-a-
tion and the evaluation of material and service performance
will be presented in a separate report.
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TABLE XI. ISENTIF!CATON AND QUALITY RATING OF
EXPERIMENTAL 7.62iMN GUN BARREL BLANKS

Gun( 
a

Barrel Alloy Quality Rat.ng-an

11 Inconel 718 4
13 Inconel 718 2
14 Inconel 718 3
15 inconel 718 1

21 Araco 21-6-9 1
23 Armco 21-6-9 3
24 Araco 21-6-9 4
25 Armco 21-6-9 2

31 Udimet 700 3
32 Udimet 700 5
34 Udimet 700 2
35 d-dimet 700 4
38 Udimet 700 1

44 Crucible CG-27 1
45 Crucible CG-27 2

(a) A rating of (1) indicates the blank with the highest quality

for the particular alloy.
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The cold swaged barrel blanks of the selected
nickel-base alloys were completely heat treated to develop
optimua mechanical properties. These superalloys, Inconel
718 and Jdimet 700, together with swaged blanks of the
iron-base alloy, Armco 21-6-9. -ere then finish-maciined to
the drawing requirements of the H60 eachine gun barrel. The
barrels of these alloys were subjected to severe test-firing
schedules and then metallurgically examined.

Typical solution treatments and aging cycles were
applied to these alloys. Swaged blanks of inconel 718 were
solution-treated and aged. After each heat treatment, the
blanks were cooled to room temperature, in the furnace, by
influent helium.

Solution treatment - I hour at 18000 F.

Aging treatment - 8 hours at 1325*F, furnace
cooled aplroximately 100*F/hour to 1150 0 F,
held 8 hours at 11500 F.

Swaged blanks of Udiaet 700 were solution-treated,
stabilized, and double aged. These barrel blanks were also
cooled by helium after each heat treatment.

Solution treatment - 4 hours at 2150 0 F.

Stabilization treatment - 4 hours at 1975 0 F.

Aging treatments - 25 hours at 15500 F, and 16
hours at 1440°F.

After the complete heat treatments, no distortion
was observed in the bore along the length of the blanks,
even though the swaged tubes were horizontally positioned
in the heat-treat furnace. Chemical analysis before and
after heat treatment indicates no loss of alloying elements
in the materials.

The Darrel blanks of the nonheat-treated Armco
21-6-9 alloy and the heat-treated nickel-base alloys were
finish-machined to the drawing requirements of the M60 gun
barrel, Rock Island Arsenal Drawing 140241.

The completed gun barrels of the Armco 21-6-9,
"Inconel 718, and Udimet 700 alloys were subjected to the
following test-firing schedule:
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Fire six 125-round bursts with 10-second cooling
between'bursts; air cool to room temperature,. Continue
this schedule until the barrel exceeds velocity, accuracy
or yaw limits, or is otherwise considered unserviceable.

Check for velocity, accuracy, and yaw at the start
of the program, after the first 3000 roundsand after every
750 rounds.

Test-firing results obtained from this schedule
are given in Table XIII.

TABLE XIII. 7.62MM M60 BARREL LIFE FIRING SCHEDULE I

Test Barrel Material Total Rounds Fired Limits Exceeded

Armco 21-6-9 6000 Accuracy and yaw

Inconel 718 8600 Yaw

Udimet 700 9800 Yaw

The following more severe firing schedule was im-
posed on additional swaged and heat-treated gun barrels of
Inconel 718 and Udimet 700:

Fire four 300-round bursts with 10-second cooling
between bursts; air cool -to room temperature. Continue this
schedule until the barrel exceeds velocity, accuracy or yaw
limits, or is unserviceable.

Check for velo,;ity, accuracy, and yaw at the start
of the program and after every 1200 rounds.

The test firing results are given in Table XIV.

TABLE XIV. 7.62MM M60 BARREL LIFE - FIRING SCHEDULE II

Test Barrel Material Total Rounds Fired Limits Exceeded

Incone! 718 3600 Accuracy and yaw

Udimet 700 5000 Accuracy and yaw
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Sufficient heat was generated during each burst
of the test-firing schedule to produce a dull red glow along
the entire length of the barrel surface.

On the bore surface of the test-fired Armco
21-6-9 alloy barrel, extensive deterioration of the rifling
and intergranular cracking along the entire rifle length
can be observed A view of the bore near the chamber end
of the barrel is given in Figure 24. Microscopic examina-
tion of sections of the bore reveals complete elimination
of the lands, sharp intergranular cracks extending approxi-
mately 0 005 to 0.010-inch beneath the bore surface, and
erosion by grain removal. Cracking and erosion of the bore
near the origin of rifling are shown in Figure 25.

Bo-e replicas of each test-fired nickel-base alloy
bar-el reveal appreciable deterioration of the rifling,
originating about 6 to 8 inches from the chamber end and
extending to the muzzle end. A comparison c-an be made of
the rifling near the chamber and muzzle ends of the bore
from the replicas shown in Figures 26 and 27.

Examination of the test-fired Inconel 718 alloy
barrels near the origin of rifling reveals blunt, inter-
granular, radial cracks originating along land-groove junc-
tions and across land surfaces. This erosive condition of
the land near the chamber end of the bore is shown in Figure
28 Three of the four lands near the muzzle end of each
barrel are completely eroded The fourth land, Figures 29
and 30, has retained the rifling contour on its lead side
where much friction is produced by contact with advancing
projectiles

Long, sharp, intergranular cracks occurred at
the bore surface near the origin of rifling of the test-fired
Udimet 700 alloy barrels Similar to Inconel 718 alloy
barrels, these cracks start in land-groove junctions and
grain boundaries across the land surface. Land projection
on the lead side and long cracks, which have become trans-
granular as they penetrate further beneath the bore surface,
are shown in Figures 31 and 32. Near the muzzle end in the
bore of the barrel test fired in Schedule I, a smooth even
wear occurred which is shown in Figure 33 along with the
lead side cf ti- single remaining land. In contrast, the
severe erosion by grain removal in the same area of the
Schedule II barrel is illustrated in Figure 34. All lands
have been completely eliminated
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FIGURE 25 Transverse Section of Bore,
1/2 Inch From Chamber, of the 21-6-9

Alloy M60 Gun Barrel after 6000 Rounds
Schedule I.
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FIGURE 28 Transverse Section of Bore,
2 Inches From Chamber, ofInconel 718 Alloy M60 Gun Barrel after 8600 RoundsSchedule 1.
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FIGURE 29 Transverse Section of Bore,
l Inch From Muzzle End, of

Inconel 718 Alloy M60 Gun Barrel after 8600 Rounds •

S-hedule I.
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FIGURE 31 Transverse Section of Bore,
2 Inches From Chamber, of

Udimet 700 Alloy M60 Gun Barrel after 9800 Rounds
Schedule I
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-

1-1/2 Inches From Chamber, of
Udimet 700 Alloy M60 Gun Barrel after 9800 Rounds

Schedule I
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FIGURE 33 Transverse Section of Bore,
1 Inch From Muzzle End, of

Udimet 700 Alloy M60 Gun Barrel after 9800 Rounds
Schedule I.
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FIGURE 34 Transverse Section of Bore,
1 Inch From Muzzle End, of

Udimet 700 Alloy M60 Gun Barrel after 5000 Rounds
Schedule II-
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Barrels nade of both Inconel 713 and Udinet 763
were retired fran test firing because of excessive yaw.
This yaw is directly attributable to the wearing avay of
the lands near tae avzzl] end of the barrel. In spite c-f
c~acks. which forn in the nnaterial, both Incone! 718 and
Udiaet 700 sksw excellent resistance to brtech-end erosion.
"4, the two, Ddinet 709 has a higher resistance to the en-
viranent inpased by rapid-fire waapons.

COCLUSIMPS

The follovina conclusions are based on the results of
this sEtdy to produce 7.62R rifled gun barrels from three
high-teaperature alloys and a stainless steel by cold
sk-a'i ng:

I. High-quality 7.62u rifled gun barrel blanks of
the four selected alloys - inconel 718, Armco 21-6-9,
Udixet 700, and Crucible CF-27 - can be produced by Cold
s;aging in ouch shorter zines than by cenveintiena ai ahining.

2. The recc•-ended heat treatcents for the alloys can
be successfully perforned on full-length as-swaged barrel
blanks. Oeoical analysis both before and after heat treat-
cent indicated no loss of alloying elenents.

3. The high degree &f configurational integrity and
the surface finish of the rifled bore are additional ad-
vantages of rotary swaging.

4. With the use of rotary-swaging techniques to produce
rifling contours in tubes of high-strength materials, the use
of- erosion-resistant naterials for rapid-fire gun barrels is
feasible.
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A!-Er!DIX B

DI•%ESR• AID SZ•AIGHMSS DAI
COLD-SWAGEi) GUN~ BARELES

The diameters of t&e swaged gun barrels were measured with a

micro-eter at distances of 1-112, 8-1/2, 15-3/8, and 22-3/8 inches fro=

the end of the barrel. B-o measuremeats, 90 degrees apart, were taken

at the four locations to deteer-ine the degree of out-of-roundness. Thne

diameter reasurements are gLven in Table B-1.

The strai ghiess of the swaged gun barrels was measured by means

of a dial indicator. The gun barrels were placed in a lathe and the

indicator was moved along the length of the barrel in four traverses

90 degrees apart. Readings vere taken along the traverses at distances of

1-1/2, 8-1/2, 15-318, and 22-3/8 inches from one end of the barrel. The

indicator readings are given in Tables B-2 through B-5. The first indicator

reading was taken as the zero point. The total indicator reading (TIE) is

given for eazh traverse.
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